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Abstract 
 
The food webs of forest streams are based upon organic matter (OM), especially 
plant litter, which falls from riparian forest canopies.  As such, the food webs of 
small coastal streams are tightly linked to the productivity of riparian forests.  
However, this cross-system trophic subsidy of terrestrially-derived OM must be 
retained within the stream channel before it can play any ecological role.  This 
project examined how forest management history and stream geomorphology 
influence (1) how OM enters streams, (2) how OM is transported and retained, 
then broken down and incorporated in stream food webs, and (3) how temporal 
variation in channel discharge (i.e. spates) controls the retention of OM and the 
stability of this retained material.  The first phase of the project showed that 
inputs of OM to coastal streams are controlled both by season (spring < summer 
< autumn) and by forest type and management history (plant litter fluxes from 
clearcut forests < riparian reserve strips, conifer forests; and fluxes from 
deciduous forests < riparian reserve strips).  Clearcutting of riparian forests 
dramatically increased light availability while reducing leaf litter inputs; these 
effects, however, lasted only a few years.  As riparian forest stand age increased, 
inputs shifted from broadleaf to coniferous inputs, indicating a possible long-term 
decrease in the lability and value of the leaf litter resources available to stream 
consumers.  The second phase of the project showed that bed roughness 
(relative sediment grain protrusion; Pg) was the single most important factor 
regulating the retention of both red alder (Alnus rubra) leaves and western 
hemlock (Tsuga heterophylla) needles in streams; however, leaves were retained 
more rapidly than needles.  The retention of both leaves and needles increased 
rapidly and predictably with sediment grain protrusion.  The breakdown rate of 
retained red alder leaves increased with bed roughness, but did not vary 
between microhabitats (exposed = interstitial microhabitat).  In contrast, the 
breakdown rate of western hemlock needles did not vary with bed roughness, but 
did differ between microhabitats (exposed < interstitial).  Standing stocks of plant 
litter stored within the streambed sediments showed a very complex relationship 
with bed roughness; in general, standing stocks of leaves and needles were 
positively and linearly related to grain protrusion when Pg ≤ 4.5 cm, but not when 
Pg ≤ 4.5 cm.  No leaf matter was stored in streambed patches characterized by 
very low dominant roughness (i.e., Pg < 1.8 cm).  The third phase of the project 
showed that leaf litter transport distance increased linearly with discharge, and 
decreased dramatically with bed roughness.  Once retained, leaf litter was often 
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re-entrained as discharge increased during simulated spates.  Interestingly, leaf 
litter was most often re-entrained by relatively small increases in discharge; 
larger increases in discharge as the spate approached its peak re-entrained 
fewer leaves.  The relationship between discharge and leaf litter re-entrainment 
varied with bed roughness, however.  The results of this project indicate that the 
efficacy of riparian management strategies that seek to minimize impacts to 
forest stream ecosystems will vary among stream channels with different bed 
roughness.  In streams with low roughness (i.e. fine gravels predominate) the 
effects of altering riparian vegetation or tree species types will be less 
pronounced locally but will percolate much further downstream (due to lower 
retention rates, lower breakdown rates, and higher rates of OM re-entrainment 
during spates in these channel types).  In contrast, in streams with high bed 
roughness (i.e. cobbles and boulders predominate) the ecological effects of 
altered riparian vegetation will be more pronounced locally but less pervasive 
downstream.  As such, forest managers will need to take local stream 
geomorphology into account when prescribing riparian logging measures, 
especially if there are sensitive (e.g. salmon-rearing) stream reaches 
downstream. 
 
 
Introduction 
 
The food webs of small streams and the adjacent riparian forests are inextricably 
linked.  Riparian forests contribute substantial amounts of material to small 
streams, including leaf litter, conifer needles, and terrestrial invertebrates.  These 
terrestrial inputs dramatically increase the productivity of stream food webs, and 
can make up the bulk of energy assimilated by local stream insect and fish 
populations (Webster and Meyer 1997; Nakano et al. 1999).  However, recent 
research has shown that headwater stream networks act as conduits for the 
downstream movement of terrestrially-derived nutrients (Wipfli 2005).  Such 
materials from upstream may thus ‘subsidize’ downstream stream food webs, 
including not only fish and benthic invertebrates, but also fungi, bacteria, and 
aquatic plants (Richardson et al. 2005; Swan and Palmer 2006).  Indicators of 
the degree to which riparian management strategies directly influence the 
ecology of small streams, and how those influences are transmitted downstream, 
are needed as tools that allow managers to determine whether stream systems 
are being protected by current or alternative practices. 
 
If channels effectively retain inputs of terrestrial materials and downstream 
transport is limited, local ecological effects will be more pronounced while the 
downstream effects of riparian perturbations may be minimal.  In contrast, if 
streams act as highly efficient conduits for the transport of materials downstream 
(see Wipfli 2005), perturbations to riparian zones upstream will have ecological 
effects far downstream.  However, while numerous studies have shown that key 
geomorphological features of stream channels such as bed roughness and 
average channel slope influence the retention of sediment and water (e.g. 
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Carling 1983), we know little about the specific features of stream channels that 
act to retain coarse, suspended organic materials of different types (see Hoover 
et al. 2006; Hoover et al. 2009).  If the geomorphological features of stream 
channels act as crucial elements in the retention of terrestrial inputs, the strength 
of linkages between riparian forests, headwater streams, and downstream 
reaches will depend on the physical characteristics of the channel itself. 
 
In coastal British Columbia, riparian management strategies that encompass 
timber harvesting, use by livestock, and road building are known to effect 
changes in riparian forests and the rates of forest-to-stream inputs to adjacent 
streams (e.g. Richardson et al. 2005). This project examined how channel 
geomorphology controls (a) the sensitivity of small streams to the altered rates of 
terrestrial inputs that result from riparian management and (b) how the ecological 
effects of altered organic matter inputs percolate downstream. This project 
focused on the transport and retention dynamics of two key types of terrestrial 
organic matter (OM) that function as important forest-to-stream subsidies in 
coastal watersheds; red alder (Alnus rubra) leaf litter, and conifer (Douglas-fir 
Pseudotsuga menziesii) needles.  The project used a three-phase design to 
examine how channel geomorphology mediates the ecological linkages between 
riparian forests and stream food webs. 
   
In the first phase (year one), the amount of terrestrial material that enters small 
coastal streams with different riparian management histories (clearcut, riparian 
reserve strip, deciduous-dominated, and coniferous-dominated) was surveyed to 
establish a relationship between riparian management and terrestrial inputs. 
Following this, a series of nine pairs of coastal stream reaches (18 reaches in 
total) were selected for use in experiments; these streams included channels with 
an extensive range of bed roughness (from fine gravel to boulders).  Sampling 
will be conducted three times over the course of the year (April, July, October) to 
obtain seasonal estimates of terrestrial inputs and transport dynamics. 
 
In the second phase (year two), detailed experimental work examined the 
patterns of OM retention in headwater streams, and how the patterns of retention 
and breakdown are associated with specific geomorphological features of the 
stream bed. Releases of dyed OM particles were used to calculate channel-
specific retention curves in all 18 experimental stream reaches.  Placements of 
artificially-created patches of different OM types in stream channels were used to 
calculate the rates at which terrestrially-derived organic matter is assimilated into 
stream food webs.  The relationships between standing stocks of OM stored in 
streambed sediments and sediment roughness (grain protrusion) were also 
measured. 
 
In the third phase (year three), physical simulations in the experimental stream 
channel at Blaney Creek in the Malcolm Knapp Research Forest were used to 
examine the relationship between channel bedforms, channel discharge, and 
organic matter retention.  Organic matter can be re-entrained during spates, and 
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the relationship between OM retention, re-entrainment, and temporal variation in 
discharge were measured.  Subsequently, computer models were used to 
determine how terrestrially-derived OM is incorporated into stream food webs. 
 
The results of this project will provide practitioners with additional tools when 
prescribing riparian retention. For example, many headwater streams are logged 
to the bank during timber harvesting. However, in-stream productivity is low in 
many coastal streams, and fish populations are dependent on both drifting 
terrestrial insects and aquatic detritivorous invertebrates as sources of food 
(Wipfli 1997). The guidelines will enable managers to identify the types of 
channels that retain little OM, and prescribe riparian forest management 
strategies that maintain ecological processes.  For example, managers could 
implement riparian management schemes that create successional canopy types 
(e.g., mixed deciduous and coniferous trees) that maximise inputs of those OM 
types that are retained at higher rates. 
 
 
Methods 
 
The proposed project used a three-phase project design consisting of six 
separate studies (detailed below) to examine the organic matter dynamics that 
link riparian forests to headwater streams, and headwater streams to 
downstream reaches.  We examined and compared the transport and retention 
of two key types of terrestrially-derived OM; red alder (Alnus rubra) leaf litter, and 
Douglas-fir (Pseudotsuga menziesii) needles.  Each phase of the project 
incorporated and built upon information gained in the previous phase.  
 
1) Inputs of Terrestrial Organic Matter to Small Streams 
 
Forest-to-stream fluxes of riparian plant material were measured in 20 small 
streams (first- to third-order) located in the southern half of the Malcolm Knapp 
Research Forest (MKRF; 49.272°N, 122.586°W), located north of Maple Ridge, 
British Columbia (Table 1).  The MKRF lies within the coastal Western Hemlock 
forest which is typically dominated by Western Hemlock (Tsuga heterophylla 
(Raf.) Sarg.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and western 
redcedar (Thuja plicata Donn).  Forest harvesting activities have been ongoing in 
the MKRF since the 1920s, and the riparian zones of streams logged in recent 
decades are often dominated by stands of red alder (Alnus rubra Bong.).  The 
study area has a characteristically wet mild climate, with wet winters, dry 
summers, and mean annual precipitation of 2194 mm.  Mean annual air 
temperature is 9.6 °C, ranging from a mean monthly high of 22.7 °C (July) to a 
mean monthly low of -0.5 °C (January).  Elevation at the study sites ranged from 
60 – 350 m above sea level. 
 
Spatial and temporal variation in PL fluxes were measured seasonally (May, July, 
and October 2007) in 20 streams whose riparian zones differed with respect to 
dominant tree type and riparian management history.  Included were five sites of 
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each of four riparian canopy types: (1) clear-cut logged (CC), with both 
deciduous and coniferous riparian trees removed, (2) older-successional stage 
coniferous forests within riparian reserve strips (RRS) between 10 m and 30 m 
wide, adjoining clear-cut areas, (3) dominated by deciduous trees (DEC), 
primarily red alder, and (4) older successional-stage coniferous forests (CON) 
dominated by a limited number of coniferous tree species, primarily Western 
Hemlock, Douglas-fir, and western redcedar (Table 1).   
 
Clear-cut riparian areas were logged between 1 and 8 years prior to the study.  
As such the degree of riparian vegetation regrowth differed substantially among 
clearcut sites and ranged from those dominated by logging slash and limited re-
growth of shrubs and grasses (CC3) to sites that had extensive re-growth of 
riparian plants including red alder and coniferous tree saplings (up to 4 m in 
height; CC1).  Timber harvesting methods at two recently clearcut sites (CC4 and 
CC5) had left shrubs and small riparian trees intact, preserving some of the 
canopy cover over those streams.  All five RRS sites examined were created 9 Y 
prior to the study as part of an extensive experiment designed to test the efficacy 
of riparian reserve strips in protecting headwater stream ecosystems (see Kiffney 
et al. 2003 for a description of the project).  As such, riparian reserve strips 
varied in width from 10 to 30 m.   
 
Due to existing variation in stand age, the stream sites included in the study also 
represent a chronosequence of riparian forest development.  Riparian forest 
stand ages in the study area ranged from 1 – 144 Y old (Table 1), permitting an 
examination of successional changes in forest type and plant litter fluxes to 
streams.  Stand ages for all CC, RRS, and CON sites and four DEC sites were 
obtained from the MKRF GIS database (2009); data for DEC1 (South Creek) was 
not available on the MKRF database, and so stand data for this site was obtained 
by coring the largest alder trees at the site and recording the age of the oldest 
tree.  Stand composition for all RRS and CON sites were obtained from the 
MKRF GIS database, while stand composition data of CC and DEC sites were 
obtained by estimating the percent coverage of each tree species at each site 
using an upward-looking gridded quadrat (45° view angle). 
 
Plant litter fluxes were measured at all 20 sites in spring (May 11 – 28), summer 
(July 10 – 27), and autumn (October 9 – 18) using leaf litter trays (26 cm x 52 cm 
plastic trays lined with 1 mm fibreglass screen) placed at the stream’s edge.  
During each sampling period, two trays were placed several meters apart within 
each 30 m study reach and left for either three or four days.  The samples were 
then collected, and the contents of the two trays were combined to produce a 
single sample.  Plant litter samples were collected twice each season at each site 
(20 sites x 2 replicates x 3 seasons = 120 samples).  Data from the two within-
season replicates were averaged to obtain a single seasonal value prior to 
analysis. 
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In the lab, litter collected in each sample was sorted into six different functional 
categories (1) coniferous needles (including Western Hemlock and Douglas-fir), 
(2) red-cedar fronds, (3) red alder leaves, (4) deciduous broadleaves other than 
red alder (including salmonberry (Rubus spectabilis Pursh), vine maple (Acer 
circinatum Pursh), and bigleaf maple (Acer macrophyllum Pursh)), (5) fruits and 
flowers, and (6) branches and wood fragments (includes bark, moss, and lichen 
from branches and boles).  Sorted plant litter samples were then dried at 60°C for 
24 hours to determine dry mass, which was then used to calculate the plant litter 
flux (mass m-2 day-1) of each of the six categories of plant litter for each site. 
 
To quantify canopy structure hemispherical photos were taken above the stream 
surface at each site using a Nikon Coolpix P100 equipped with a Nikon FC-E8 
Fisheye Converter (Nikon Corporation, Tokyo, Japan).  Three photos were taken 
along the 30 m reach (at 0, 15, and 30 m) at each site once in each season.  For 
each photo the camera was mounted and levelled on a tripod approximately 0.3 
m above the water surface.  Generally photos were taken on overcast days to 
provide uniform lighting of the canopy.   
 
Canopy images were analysed using the Gap Light Analyzer 2.0 developed by 
Frazer et al. (1999).  The Gap Light Analyzer was used to extract canopy 
structure data from each photo, including percent canopy openness.  It is 
important to note that even in instances where canopies were essentially 
completely open above the stream (as in the case of recent clearcuts that 
removed all trees and shrub cover), canopy openness values of approximately 
60% were still obtained due to the presence of streamside vegetation (also see 
Gomi et al., 2006).  
 
Total PL fluxes were calculated were calculated by summing the daily PL fluxes 
of all plant material types collected.  Among-season variation in total PL flux was 
examined using a 3 x 4 (season x riparian forest type) repeated-measures 
ANOVA.  Subsequent post-hoc between-season comparisons were made using 
paired t-tests.  One-way ANOVA was used to test for within-season differences in 
total PL fluxes among riparian forest types, with Tukey’s HSD used for specific 
post-hoc comparisons. 
 
Within-season comparisons of among-treatment and among-PL type 
comparisons of PL fluxes were made using 4 x 6 (riparian forest type x PL type) 
ANOVA.  The proportion of inputs composed of angiosperm leaves (pAL) was 
calculated as pAL = (red alder leaf flux + other broadleaf flux) / (all non-wood PL 
fluxes).  Comparisons of pAL were made using a 3 x 4 (season x riparian forest 
type) ANOVA.  Within-season comparisons of pAL were made using one-way 
ANOVA, with Tukey’s HSD used to test for specific post-hoc comparisons.   
 
Locally-weighted polynomial regression (LOWESS function in R; R Development 
Core Team, 2007) was used to evaluate the changes in PL fluxes that occur with 
forest successional stage.  Linear models (LM function in R) were used to test 
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the significance of the relationship between predicted and observed PL fluxes.  
Logging operations in two clearcut sites (CC4 and CC5) did not remove riparian 
shrubs and small broadleaf trees (e.g. vine maple, bigleaf maple); these two sites 
were not included in regression analyses as these harvesting practices produce 
a different successional trajectory and likely compositionally different PL fluxes.  
RRS sites were not included in regression analyses for the same reason.  
 
Non-linear regression analyses (data were fit to model y = axb) were used to 
relate stand age to variation in canopy openness.  Separate regression analyses 
were conducted for each season, and the significance of the regression analyses 
was tested using ANOVA.  All RRS sites and two clearcut sites (CC4 and CC5) 
were excluded from the regression analyses (see above). 
 
Forest successional stage analyses (LOWESS and LM functions) were 
conducted in R (R Development Core Team, 2007), all other analyses were 
conducted using Systat 10 (SPSS, Chicago, Illinois). 
 
2) Relationship between Channel Geomorphology and Organic Matter Storage 
 
The study was conducted at nine stream reaches on Blaney, Spring, East, and 
Mirror Creek in the MKRF.  Each of the nine stream reaches included two sites (9 
stream reaches x 2 sites per reach = 18 sites).  The two sites in each reach were 
located in adjacent stream habitat units (riffles) that differed with respect to bed 
roughness (i.e. sediment size) and associated geomorphological features but 
were similar in terms of riparian vegetation, channel width, and discharge.  Bed 
material of the 18 sites spanned a wide range of bed roughness, and varied from 
pebbles (Reach 4, Site 2) to boulders (Reach 6, Site 2) (Table 2).  All reaches 
selected had mixed coniferous and deciduous riparian canopies, in order to 
minimize variation in OM inputs among sites.  The two sites in each pair were 
located < 50 m apart.  The discharge and mean active channel width of each 
stream site is shown in Table 2.  
 
All sites selected were free of debris jams.  While debris dams and woody debris 
are common features of the study streams included in the study, they are also 
very patchily distributed, and thus most stream of the stream area is free of large 
wood.  At baseflow conditions, the majority of leaves that enter the stream are 
retained by streambed sediments (T.M. Hoover, unpublished data and model). 
 
In this study, we sampled the plant litter stored in streambed sediments to 
determine the extent to which patch-scale bed roughness controls standing 
stocks of detrital OM.  Standing stocks of alder leaves and conifer needles were 
measured at three locations at each of the 18 sites.  A square wire quadrat frame 
was placed on the streambed at each sampling location; the size of the frame 
used varied with the size of sediment present (i.e., a 40 x 40 cm quadrat for large 
boulders (Φy > 26 cm), a 25 x 25 cm quadrat for coarse cobbles (Φy = 13 – 26 
cm), a 20 x 20 cm quadrat for fine cobbles (Φy  = 6 – 13 cm), and a 15 x 15 cm 
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quadrat for pebbles (Φy < 6 cm)).  To characterize dominant bed roughness at 
the patch scale, measurements of Dmax, Dmin, and Φy were made for each of the 
three largest stones within the quadrat frame.  Four evenly-spaced 
measurements of water velocity were taken within the frame, and averaged to 
produce a mean velocity.   
 
After all physical measurements were made, the OM stored in the armor layer 
(i.e. the coarse surface layer of sediment grains) within the quadrat frame was 
collected using a net (Nitex, 500 μm size mesh, net mouth = 60 cm wide x 30 cm 
high) held firmly against the bed immediately downstream of the frame. The layer 
of stones comprising the armor layer was removed carefully by hand, and the 
stored OM collected in the net.  Samples were preserved in 70% ethanol.  
Sampling was conducted in late spring (1 – 15 June, 2007), summer (25 July – 9 
August, 2007), and autumn (11 – 26 October, 2007) at each site in order to 
assess seasonal variation in OM standing stocks. 
 
In the laboratory, each OM sample was separated into seven component 
fractions based on the riparian vegetation of origin; (1) red alder leaves, (2) other 
deciduous (angiosperm) leaves (included vine maple Acer circinatum and Rubus 
spp.), (3) conifer needles (primarily western hemlock and Douglas-fir, (4) western 
redcedar frond fragments, (5) ‘large’ wood fragments (> 3 cm diameter, generally 
pieces of tree branch), (6) ‘medium’ wood fragments (< 3 cm diameter,  but > 3 
cm long), and (7) ‘small’ wood fragments (< 3 cm diameter, < 3 cm long, 
generally small pieces of twigs or fragments of bole wood).  The remaining 
organic matter, generally consisting of fragmented, partially decomposed 
material whose origin was not readily identifiable, was divided into three size 
fractions using a series of sieves; ‘coarse OM’ (> 4.75 mm), ‘intermediate OM’ 
(4.75 – 1 mm), and ‘fine OM’ (< 1 mm).  Once sorted, all OM fractions were oven 
dried at 60 °C for 24 H to obtain dry mass, ashed at 550 °C for at least 2 H, and 
re-weighed to obtain ash-free dry mass. 
 
Analyses that related per-sample (patch-scale) standing stocks of OM to 
geomorphological factors assumed that among-site (but within-season) variation 
in amount of OM stored in the bed sediments was primarily due to differences in 
retention rather than extrinsic supply.  Because each site-pair shared a common 
riparian canopy, analyses conducted at the site pair level (habitat unit-scale) 
[corrected this, but lost resolution because they used averages]. 
 
All analyses were conducted in Systat 10 (SPSS Inc., Chicago, USA). 
 
3) Retention of Organic Matter by Streambed Sediments 
 
In this study, experimental releases of two types of plant litter (red alder leaves 
and western hemlock needles) were conducted at all 18 sites (see description of 
sites, above) to determine how bed roughness controls OM retention.  Alder 
leaves used in the experiment were collected from the branches of riparian red 
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alder trees in the MKRF, while senesced conifer needles were obtained from 
riparian western hemlock trees by lightly tapping branches with a pole and 
collecting the falling needles.  Each leaf and needle was marked with a small 
stripe of red indelible ink; this ensured that experimentally-released material 
could be readily separated from naturally-occurring organic matter being carried 
downstream.  OM particle lengths were determined from a subsample (n = 40) of 
the released material; mean alder leaf length (including petiole) was 11.6 cm (SD 
= 2.4 cm), while mean conifer needle length was 1.49 cm (SD = 0.25 cm).  All 
OM used was collected shortly before release.   
 
At each site, 30 alder leaves and 50 hemlock needles were wetted briefly, then 
released 3.0 m upstream of a channel-spanning block net (500 μm mesh).  The 
release points of the leaves and needles were distributed evenly across the 
entire width of the channel.  Each litter particle was released individually, 
immediately below the surface of the water.  The number of leaves and needles 
collected in the net after 15 minutes were subtracted from the number released 
to determine the proportion of OM particles retained by the streambed. 
 
Channel bed roughness at each site was described by surveying sediment grain 
size and protrusion in two parallel streamwise transects (measurements made at 
0.2 m intervals over the entire length of each 3.0 m length of channel; 16 
measurements x 2 transects = 32 measurements total).  The two transects were 
evenly spaced across the channel (i.e. at 1/3 and 2/3 of the total channel width).  
At each interval, three measurements of the largest stone partially or entirely 
contained within a small circular area (diameter = 3 cm) were made; (1) the water 
depth above the highest point (Dmin), (2) the depth immediately upstream of the 
leading edge (Dmax), and (3) the cross-stream diameter (Φy).  This protocol was 
used because dominant bed roughness, rather than the grain size distribution, 
was thought to be the critical factor in OM retention.  These measurements were 
used to calculate grain protrusion (Pg = Dmax - Dmin) and relative grain protrusion 
(Prel = Pg / Dmax).   
 
Midchannel water velocity (measured at mid-depth; Swoffer 2100 current meter, 
Swoffer Instruments, Seattle, USA) and wetted channel width were measured at 
0.5 m intervals along the 3.0 m long stream section; these values were then used 
to determine mean water velocity (U) and mean channel width.  Stream 
discharge (Q) was measured at each sampling site-pair by recording the depth 
and water velocity at 20 cm intervals, and summing the products of cross-
sectional area (0.2 m x depth) and water velocity of each interval (i.e. Q = Σ((0.2 
m x Di) Ui)).   
 
Reach-averaged values of Pg, Prel, and Φy were then regressed against the 
proportions of needles and leaves retained to assess the functional relationship 
between bed roughness and organic matter retention. 
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Multiple linear regression analysis was used to develop models predicting OM 
particle retention from three predictor variables (Prel, water velocity, and water 
depth (Dmax)).  Due to collinearity among the three bed roughness parameters 
(Φ, Pg, and Prel), only Prel was included in the multiple regression model as it 
monotonically correlated with (and accounted for a substantial proportion of the 
variation in) particle retention rate.  Alder leaf and conifer needle retention were 
also regressed individually against the bed roughness parameters Pg and Prel to 
clarify the nature of the functional response.  Monotonic relationships were fit to 
an exponential rise to maximum model (y = a(1 – e-bx)) as retention cannot 
exceed 1.  Where strong nonlinearity was observed (specifically, hump-shaped 
relationships between predictor and response variables), data were fit to a 
quadratic model (y = y0 + ax + bx2).  Statistical significance of models was tested 
using analysis of variance. 
 
4) Influence of Streambed Sediment Size on Organic Matter Breakdown 
 
In this study, we used a 4 x 2 (habitat x microhabitat) factorial design to 
determine if streambed roughness can further control resource dynamics in 
streams by influencing the decomposition rate of retained leaf litter.  We 
experimentally compared breakdown rates of red alder leaves and western 
hemlock needles by placing litter packs in four stream habitat types (gravel riffle, 
cobble riffle, boulder cascade, and pool) and two microhabitat types (exposed 
and interstitial).  All sites were located in Spring Creek in the MKRF. 
 
Litter packs consisted of either three red alder leaves (mean litter pack mass = 
1.62 g, SD = 0.31 g) or four western hemlock needles (mean litter pack mass = 
0.019 g, SD = 0.002 g).  Litter packs were attached individually to anchor stones 
(mean stone diameter = 11.8 cm, SD = 3.4 cm) using two rubber bands.  Litter 
packs were placed in four different habitat types; gravel-dominated, cobble-
dominated, and boulder-dominated riffles, and in pools.  In each habitat type, 10 
litter packs were placed in each of two streambed microhabitat types; exposed 
(litter exposed to flow on the upper surface of the anchoring stone, with the litter 
facing upstream into the flow) or interstitial (litter on the underside of the 
anchoring stone).  Litter bundles were then placed on the streambed by removing 
a similar-sized stone from the bed and then placing the anchoring stone in the 
resultant gap. 
 
After the leaf packs had been placed in the stream, Dmax, Dmin, Φy, and water 
velocity in front of the anchoring stone were measured.  Dmin and Dmax were used 
to calculate Pg and Prel.  Velocity and Dmax were measured again midway through 
the experiment and immediately prior to litter pack collection.  The three 
measurements were used to calculate average velocity and depth for each leaf 
pack for the immersion period.   
 
Leaf packs were collected from Spring Creek after one month (leaves = 29 – 35 
days; needles = 24 – 29 days) by lifting each anchoring stone from the stream, 
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placing it into a pan, and removing the rubber bands.  The leaf packs were then 
placed in a plastic bag and transported on ice to the lab.  Samples were frozen 
within 10 hours of collection, and remained frozen until processed.  During 
processing, the samples were thawed, and the leaf litter again carefully rinsed to 
remove invertebrates and fine sediment.  The leaf litter was then dried (60°C for 
24 H), weighed, ashed (550°C for 3 H), and reweighed to obtain ash-free dry 
mass (AFDM).  Leaf litter breakdown rate (k) was estimated by fitting the data to 
the negative exponential model Mt = M0 e-kt, where Mt is the leaf mass remaining 
(g) at time t (day), M0 is the initial leaf mass (g), and k is the breakdown rate (day-

1). 
 
Breakdown rates (k) of alder leaves and conifer needles were separately 
analyzed using two way analysis of variance, with four levels of habitat (gravel 
riffle, cobble riffle, boulder cascade, and pool) and two levels of microhabitat 
(exposed and interstitial).  Within-stream position (upstream to downstream rank) 
was included as a covariate.  Specific post-hoc comparisons were made using 
Fisher’s Least Significant Difference (LSD) test. 
 
5) The Roles of Sediment Grain Size and Discharge Organic Matter Retention 
 
Hydrological controls on the abundance and distribution of leaf litter was 
examined by examining the transport and retention of red alder (Alnus rubra) 
leaves throughout a simulated spate in a field-based experimental channel 
located adjacent to Blaney Creek in the MKRF.  Leaves used in the experiment 
were senesced red alder leaves collected in riparian red alder stands in autumn 
2008, with a mean total length (including petiole) of 12.8 cm (SD +/- 1.2 cm, n = 
48).  Each leaf was marked with an identifying number, then soaked in tap water 
for at least 24H to ensure that they were slightly negatively buoyant.   
 
In each experimental trial, twelve alder leaves were released individually at the 
upstream end of the channel in each of four stages of a ‘spate’ created in the 
experimental channel.  Each leaf was held parallel to and immediately below the 
water surface prior to release.  The Dmin, Dmax, and Dleaf of each leaf retained 
within the channel were recorded.  Leaves that were transported through the 
channel (travel distance > 5.0 m) were reintroduced into the head of the channel 
four more times (i.e. total possible travel distance for each leaf = 25.0 m).  
Leaves that were not retained in this distance were categorised as ‘not retained’. 
 
For each trial, a spate hydrograph was reproduced in the experimental channel.  
Each spate consisted of four stages; the discharge at each stage was double that 
of the previous stage. Each trial consisted of a period of ‘baseflow’ conditions (2 
L s-1) followed by periods of incrementally increasing flow (stages of 4, 8, then 16 
L s-1).  At each stage discharge was maintained for at least 15 minutes while 
leaves were introduced and retained within the channel.  Discharge was 
maintained until all leaves were retained in stable locations on the bed or had 
passed through the channel 5 times (a cumulative distance of 25 m).  In some 

11 



Y103241 

flow conditions (especially low-discharge pool conditions), periods exceeding an 
hour were required before leaves stopped moving in the channel. 
 
After all leaves were retained in stable locations, discharge was increased slowly 
over several minutes.  Over this time, it was noted which retained leaves 
remained in a stable position on the bed, and which leaves moved.  If leaves 
moved and re-settled, the new position was recorded.  If the re-entrained leaves 
were transported from the channel, they were not reintroduced. 
 
6) Modeling Organic Matter Dynamics in Small Streams 
 
A mass-balance model of the riparian-stream system (see Karlsson et al. 2005) 
was used to test the hypothesis that geomorphological features control how 
tightly the OM dynamics of headwater stream reaches are linked to the food 
webs of downstream reaches. Empirical data on channel geomorphology and 
rates of OM input, transport, and breakdown from the first two years of the 
project were used to parameterize the model, which predicted how these 
physical factors influence the standing stock of OM in both headwater and 
downstream reaches.  
 
A simple numerical model was used to determine the extent to which sediment 
grain protrusion influences OM standing stocks through its dual influences on OM 
retention (Section 3) and OM breakdown (Section 4).  Grain protrusion vs. OM 
standing stock relationships were modeled for an 80-day late spring to 
midsummer (corresponding to 11 May – 29 July) time period.  No attempt to 
model autumnal standing stocks as the increased stream discharge associated 
with fall storms in coastal British Columbia dramatically alters the transport and 
retention of leaf litter.  At each level of bed roughness examined, the OM 
standing stock (St) at each time step (day) was modeled using the equation 
 

St = (St-1 + ((αrip + αadv) x r)) x (1 - k) 
 
Where St-1 is the OM standing stock at time step t-1, αrip is the OM input from 
riparian vegetation (g m-2 day-1), αadv is OM advected from upstream (g m-2 day-

1), r is retention rate (m-1), and k is the OM breakdown rate (day-1). 
 
The model was run for a time period of 80 days.  The end of the modeled time 
period was chosen to coincide with the summer period during which OM standing 
stocks were measured in streams of the MKRF (25 July – 9 August, 2007; 
Experiment 3).  Organic matter breakdown rates (k), and associated standard 
errors, were those determined in Spring Creek in the MKRF (Experiment 2).  
Values of k were not corrected for water temperature, as the period over which k 
was determined (17 June – 22 July, 2007) was within the modeled time period, 
and water temperature was assumed to have not varied widely within the 
modeled time period.  
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Initial standing stock values used to initiate the model were based on actual 
springtime (1 – 15 June, 2007) standing stocks measured in MKRF streams; 
alder leaves = 1.06 g m-2, conifer needles = 1.61 g m-2 (T. Hoover, unpublished 
data).  These values correspond well with previously published values of OM 
standing stocks in streams in the MKRF (Richardson, 1992).  Daily riparian input 
(αrip) curves were created from previously measured (2006) spring and 
summertime input rates of leaf litter from mixed-canopy riparian forests to small 
streams of the MKRF (T. Hoover, unpublished data); (11 – 28 May: leaf αrip = 
0.0290 g m-2 day-1, needle αrip = 0.0948 g m-2 day-1; 10 – 29 July: leaf αrip = 0.121 
g m-2 day-1 , needle αrip = 0.533 g m-2 day-1).  Linear interpolation was used to 
estimate daily αrip values for the intervening period (29 May – 9 July).   
 
The OM exported from upstream (αadv; g m-2 day-1) was estimated as a function 
of OM input from riparian vegetation (αrip) using the equation 
 

αadv = αrip x ((1-rup) / rup) 
 
where rup is the mean retentiveness of all upstream patches, estimated here as 
the mean r of all plant litter release locations from Experiment 1 (rup = 0.46 for 
alder leaves, rup = 0.24 for confer needles).  This assumes a mass-balance 
steady state where the proportion of the OM standing stock re-entrained daily 
from the focal patch (g m-2) is matched by the amount of re-entrained OM re-
deposited.  Plant litter breakdown rates (k) and associated standard errors used 
in the model were experimentally determined for exposed microhabitats in gravel, 
cobble, and boulder habitats in Spring Creek (Section 3).   
 
Retention rates (r) for both leaf litter types at each level of Pg modeled were 
calculated from linear regressions of Pg against r.  Retention rates (r) were 
estimated by fitting retention data (from Section 3) to the negative exponential 
model Nx = N0 e-rx, where Nx is the number of particles remaining at distance x 
(i.e. 3 m), N0 is the number of particles released, and r is the retention rate (m-1).  
A single data point (Pg = 22.1 cm) was removed from the analyses, as this value 
of grain protrusion was well beyond the range of values modeled (Pg = 1 – 13 
cm).  Variation associated with each estimate of r was determined by calculating 
the standard error of empirically-determined values of r for each of the three bed 
roughness classes (gravel, fine cobble, and coarse cobble / boulder; as defined 
above).  Results of the model were compared to observed late-summer standing 
stocks (Section 2).   
 
Modeling work is ongoing, and is being pursued, in part, in collaboration with 
Karolina Leberfinger (Linnaeus University, Kalmar, Sweden).  A manuscript and 
conference presentation describing this work are completed (Leberfinger et al., 
2010; Leberfinger et al. in prep.).  Copies of the manuscript and conference 
abstract will be submitted to the Ministry of Forests library.  Additional model-
based research that explicitly examines how geomorphological factors control the 
amount of terrestrially-derived OM in streams is continuing, and will synthesize 
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current knowledge on the ecological linkages that exist between forest and 
stream ecosystems.   
 
 
Results 
 
1) Inputs of Terrestrial Organic Matter to Small Streams 
 
Total forest-to-stream fluxes of PL varied substantially among streams with 
recently clearcut (CC), riparian reserve strip (RRS), red alder-dominated (DEC) 
and conifer-dominated (CON) riparian forests (F3,48 = 3.25, P = 0.03) and among 
seasons (F2,48 = 26.36, P < 0.001) (Fig. 1).  Total PL fluxes in summer (Table 3) 
were significantly greater than those in spring (mean difference = 0.77 (SD ± 
0.69) g m-2 day-1, t19 = 5.00, P < 0.001), while total PL fluxes in autumn were 
significantly greater than those in summer (mean difference = 2.22 (SD ± 2.38) g 
m-2 day-1, t19 = 4.19, P < 0.001) (i.e. spring < summer < autumn). 
 
Total PL fluxes did not differ significantly among the four riparian forest types in 
spring (F3,16 = 1.73, P = 0.20) or in autumn (F3,16 = 1.65, P = 0.22).  In summer, 
however, total PL fluxes were significantly different among treatments (F3,16 = 
12.49, P < 0.001), where CC < CON (P = 0.02), CC < RRS (P < 0.001), DEC < 
RRS (P = 0.004); all other P > 0.05 (Fig. 1).   
 
In spring, there was no difference in PL fluxes among riparian forest types (F3,96 
= 1.96, P = 0.13), although there was a significant difference in input rates 
among the six PL types (F5,96 = 11.97, P < 0.001) (Fig. 1).  The interaction 
between riparian forest type and PL type was significant (F15,96 = 4.26, P < 
0.001).  PL fluxes to CON and RRS forest streams were similar and primarily 
consisted of conifer needles, while in DEC sites inputs were primarily flowers and 
fruits (Fig. 1).  Conifer needle inputs were very limited in CC sites, while flower 
and fruit inputs were low in CON sites. 
 
In summer, there were significant differences in PL fluxes among riparian forest 
types (F3,96 = 1.16, P < 0.001) and PL types (F5,96 = 5.38, P < 0.001); the 
interaction between forest type and PL type was also significant (F15,96 = 9.93, P 
< 0.001). Summertime inputs of PL to streams in CON and RRS forests were 
again primarily composed of conifer needles, while angiosperm leaves 
dominated inputs in CC sites (inputs were primarily non-alder leaves) and DEC 
forests (inputs were both alder and non-alder leaves) (Fig. 1).   
 
In autumn, there was no difference in PL fluxes among riparian forest types (F3,96 
= 1.79, P = 0.16), although there was a significant difference in input rates 
among the six PL types (F5,96 = 4.78, P = 0.001) and the interaction between 
riparian forest type and PL type was significant (F15,96 = 4.49, P < 0.001).  
Autumnal PL fluxes from CON and RRS forests were primarily composed of 
cedar fronds; fluxes of conifer needles from CON and RRS riparian canopies 
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were notably less than in summer.  Inputs of alder leaves dominated fluxes in 
DEC sites, while PL fluxes to CC streams were almost composted almost entirely 
of non-alder angiosperm leaves (e.g. vine maple, etc.). 
 
The proportion of inputs comprised of angiosperm leaves (pAL) varied among 
seasons (F2,48 = 8.63, P = 0.001) and among riparian forest types (F3,48 = 15.48, 
P < 0.001), with a significant interaction between season and forest type (F6,48 = 
2.57, P = 0.031).  In spring, pAL was generally low (Fig. 2) but not significantly 
different among riparian forest types (F3,16 = 1.01, P = 0.41).  By summer, 
differences in pAL among riparian forest types had become significant (F3,16 = 
5.51, P = 0.009).  Mean pAL had increased dramatically for DEC and CC riparian 
forests (Fig. 2); pAL of DEC forests was significantly greater than both RRS and 
CON forests (P = 0.048 and 0.024).  By autumn, differences in pAL had become 
even more pronounced among riparian forest types (F3,16 = 11.67, P < 0.001).  
PL entering streams in DEC forests was almost entirely composed of angiosperm 
leaves (Fig. 2); pAL of DEC and CC sites was significantly greater than both RRS 
(P = 0.003 and 0.001, respectively) and CON forests (P = 0.043 and 0.007, 
respectively). 
  
In the temperate rainforest streams examined in this study, the successional 
chronosequence of riparian forests influenced both the amount and composition 
of PL fluxes to streams (Fig. 3).  In general, summer and autumnal PL fluxes (all 
non-wood plant litter summed) increased with stand age until riparian forests 
were approximately 35 Y old (Fig. 3).  In summer, total PL fluxes continued to 
increase with forest age (until 88 Y).  In autumn, there was no consistent change 
in total PL flux as stand age increased beyond 35 Y.  The general increase in PL 
fluxes in the first 35 Y were largely attributable to an increase in broadleaf 
(primarily red alder) inputs, followed by a subsequent decline in this PL type with 
forest age (Fig. 3).  In contrast, both summer and autumnal fluxes of conifer 
needles were very low in young forests, and increased gradually until forest age 
was at least 88 Y.  Fluxes of cedar fronds were zero (summer) or very low 
(autumn) in forests < 58 Y old; cedar frond inputs from older forests varied 
substantially, being greatest where forests were dominated by red cedar (e.g. 
CON1, where autumnal cedar frond fluxes = 7.9 g m-2 day-1).  In older stands (i.e. 
> 83 Y), PL inputs were almost entirely composed of coniferous material, with the 
exception of Spring Creek (DEC3).  Spring Creek was one of the widest streams 
examined in the study (mean channel width = 3.9 m), a factor which may have 
permitted riparian red alder trees to persist despite the presence of dense stands 
of Western Hemlock adjacent to the stream. 
 
Where forest harvesting activities did not remove all riparian trees and shrubs 
(CC4 and CC5), PL fluxes were noticeably higher than those sites where all 
riparian trees had been removed (CC1, CC2, and CC3) (Fig. 3).  PL fluxes from 
RRS forests were similar to those from CON forests of similar age.   
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Canopy openness declined rapidly with stand age (Fig. 4), regardless of season 
of measurement (spring R2 = 0.87, F1,12 = 75.3, P < 0.0001; summer R2 = 0.90, 
F1,12 = 103.0, P < 0.0001; autumn R2 = 0.91, F1,12 = 115.0, P < 0.0001).  Canopy 
openness was consistently greater in the autumn in relatively young riparian 
forests (stand age < 40 Y).  This was likely due the greater proportion of 
broadleaf tree species (e.g. red alder, cottonwood) and thus seasonal leaf loss 
(Table 1) at these sites.  Canopy openness in RRS remnants of 80 – 88 Y old 
forests (Fig. 4, inset panel) that had been created during logging 9 Y prior to the 
study was similar to that of other moderately old unlogged (CON) riparian forests 
(83 – 88 Y old). 
 
2) Relationship between Channel Geomorphology and Organic Matter Storage 
 
The relationship between OM standing stocks and bed roughness (expressed as 
grain protrusion (Pg)) was neither positive nor uniformly linear throughout the 
range of bed roughness examined, and varied both with organic matter type and 
season.  In general, standing stocks of OM increased with Pg when patch-scale 
bed roughness was relatively low (Pg ≤ 4.5 cm).  As bed roughness increased (Pg 
> 4.5 cm), relationships between OM standing stocks and Pg were much weaker 
and highly variable, with generally non-significant increases or decreases in 
standing stocks.  Notably, the greatest standing stocks of alder leaves were often 
associated with intermediate bed roughness levels (Pg = 3 - 7 cm) in both 
summer and autumn. 
 
In summer, leaf standing stocks were weakly but positively correlated with Pg 
when Pg ≤ 4.5 cm (R2 = 0.11, F1,28 = 3.58, P = 0.07) (Fig. 5).  There was no 
significant relationship between Pg and leaf standing stocks when Pg > 4.5 cm 
(R2 = 0.021, F1,26 = 0.45, P = 0.51).  Conifer needle standing stocks showed a 
similar pattern (Fig. 5), with a weak, positive correlation between Pg and conifer 
needle standing stocks when Pg ≤ 4.5 cm (R2 = 0.10, F1,28 = 3.24, P = 0.08), but 
no significant relationship when Pg > 4.5 cm (R2 = 0.06, F1,21 = 1.25, P = 0.28).  
Notably, no leaf matter was stored in streambed patches characterized by very 
low dominant roughness (i.e., Pg < 2.3 cm). 
 
In autumn, leaf standing stocks were significantly correlated with Pg when Pg ≤ 
4.5 cm (R2 = 0.32, F1,24 = 11.54, P = 0.002), but were not correlated when Pg > 
4.5 cm (R2 = 0.00, F1,26 = 0.011, P = 0.92) (Fig. 6).  Similarly, conifer needle 
standing stocks were positively and linearly related to grain protrusion when Pg ≤ 
4.5 cm (R2 = 0.50, F1,24 = 24.29, P < 0.001), but not when Pg > 4.5 cm (R2 = 
0.092, F1,26 = 2.64, P = 0.12) (Fig. 6).  No leaf matter was stored in streambed 
patches characterized by very low dominant roughness (i.e., Pg < 1.8 cm) 
 
For both summer (Fig. 5A,C) and autumn (Fig. 6A,C), paired-site analyses 
clearly show that conifer needle (and, to a lesser extent, alder leaf) standing 
stocks increased strongly with patch-scale bed roughness when Pg was relatively 
low (Pg ≤ 4.5 cm), but became weak and highly variable as bed roughness 
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became high (Pg > 4.5 cm).  This pattern (linear increases in conifer needle 
standing stocks when Pg ≤ 4.5 cm, then a high degree of variability when Pg > 4.5 
cm) was more pronounced in autumn.  Standing stocks of OM were not 
significantly different between summer and autumn (paired t-tests; alder leaves 
t17 = 0.25, P = 0.81; conifer needles t17 = -0.28, P = 0.78).  
 
3) Retention of Organic Matter by Streambed Sediments 
 
Multiple regression analyses indicated that bed roughness was the most 
important factor controlling the retention of both alder leaves and conifer needles.  
The rate at which alder leaves in transport were retained by streambed 
sediments was significantly and positively related to relative grain protrusion (Prel; 
P < 0.001), but not to water velocity (P = 0.26) or water depth (Dmax; P = 0.53) 
(Fig. 7).  In contrast, conifer needle retention was both positively related to Prel (P 
< 0.001) and negatively related to water velocity (P = 0.024), but not related to 
water depth (P = 0.99) (Fig. 7).  Subsequent regression analyses revealed that 
the retention of both alder leaves and conifer needles increased with Prel (R2 = 
0.76; F1,17 = 49.4, P < 0.0001, and R2 = 0.79; F1,17 = 62.0, P < 0.0001, 
respectively), although more leaves than needles were retained at similar values 
of Prel (Fig. 8).   
 
Retention of alder leaves and needles also increased significantly with grain 
protrusion (Pg; R2 = 0.58; F2,17 = 10.3, P = 0.002, and R2 = 0.70; F2,17 = 17.6, P = 
0.0001, respectively).  However, while retention of both OM types increased 
throughout most of the measured range of Pg (1.2 - 17 cm), it appeared to 
decline at the highest value (Pg = 22.1 cm) (Fig. 8).  Thus, while the retention of 
both broadleaf and conifer particles was primarily controlled by bed roughness, 
Prel was a better predictor of retention rate than Pg.  
 
4) Influence of Streambed Sediment Size on Organic Matter Breakdown 
 
The breakdown rate (k) of alder leaves varied among habitat types (F3, 71 = 3.29, 
P = 0.026), with breakdown rates in cobble, boulder > pool, and boulder > gravel 
(all P < 0.05, all other comparisons P > 0.07) (Fig. 9).  Differences in alder leaf 
breakdown between the two microhabitat types were marginally non-significant 
(F1,71 = 3.23, P = 0.078), with a non-significant habitat x microhabitat interaction 
(F3,71 = 0.47, P = 0.70).  Within-stream position, included as a covariate, did not 
explain a significant amount of the variation in the data (F1,71 =0.69, P = 0.41).  
 
In contrast, the breakdown rate of conifer needles did not vary significantly 
among habitat types (F3, 71 = 0.50, P = 0.68), and the habitat x microhabitat 
interaction was not significant (F3,71 = 0.50, P = 0.68).  However, conifer needle k 
did vary significantly between microhabitats (F1, 71 = 5.73, P = 0.019), with the 
breakdown rates of needles in interstitial microhabitats exceeding that of needles 
exposed on the streambed (Fig. 9).  Within-stream position (covariate), did not 
explain a significant amount of the variation in the data (F1,71 = 2.98, P = 0.09].  
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When the means of the treatments were compared, the breakdown rates of alder 
leaves and conifer needles were significantly and positively related, though the 
relationship was strongly non-linear (R2 = 0.89) (Fig. 10).  The mean of a single 
treatment (exposed / boulder) clearly lie outside the general relationship; when 
this treatment was excluded from the analysis, the fit of the data to the model 
improved substantially (R2 = 0.97, F2,6 = 59.2, P = 0.0011).  Potentially, either 
needle breakdown was retarded or leaf breakdown increased when OM was 
exposed on the bed in boulder habitats. 
 
5) Mechanics of Organic Matter Retention: Sediment Grain Size and Discharge 
 
Experimental work for this portion of the project is complete.  However, statistical 
analyses of the compiled data are not yet completed.  The experimental work in 
the channel (located near Blaney Creek in the MKRF) indicated that both bed 
roughness (grain protrusion) and channel discharge play critical roles in the 
retention of organic matter in small streams.  However, interactions between 
these two physical factors determine the stability – and thus long-term availability 
– of this retained organic matter.  When statistical analyses are complete, the 
completed manuscript will be made available on the Ministry of Forests library. 
 
6) Modeling Organic Matter Dynamics in Small Streams 
 
In general, the model predicted that standing stocks of both alder leaves and 
conifer needles would increase monotonically with grain protrusion (Fig. 11).  
While standing stocks of both leaves and needles were similar (1.4 and 1.5 g m-2, 
respectively) at the lowest level of bed roughness modeled (Pg = 1.0 cm), they 
increased with Pg at different rates, respectively reaching 5.4 and 34.7 g m-2 at 
the highest level of bed roughness (Pg = 13 cm) modeled (Fig. 11).  This 
difference in accrual was due to differences in daily input rates; needle inputs 
were 3.3 to 4.4 times greater than leaf inputs.   
 
Modeled and observed alder leaf standing stocks followed similar trends with 
respect to Pg (i.e. consistent overlap in confidence interval envelopes when Pg > 
1.5 cm) (Fig. 11A), although variation in observed alder leaf standing stocks far 
exceeded the variation predicted by the model.  However, the model deviated 
from observed leaf standing stocks in two notable ways.  First, at low levels of 
bed roughness (Pg ≤ 1.5 cm), the model predicted significantly higher standing 
stocks of alder leaves than were observed; in field collections of OM standing 
stocks, no alder leaf litter was stored in beds with Pg ≤ 1.5 cm.  Second, the 
model did not predict the moderate peak in observed leaf standing stocks at 
intermediate levels of Pg (i.e. Pg = 4.7 cm).  
 
In contrast, observed and modeled conifer needle standing stocks showed 
dramatically different trends with respect to Pg (Fig. 11B).  Observed and 
modeled needle standing stocks were similar only when bed roughness was very 
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low (Pg < 2.0 cm); as bed roughness increased, modeled standing stocks 
increasingly exceeded observed standing stocks.  The dramatic increase in 
modeled standing stock was due primarily to grain protrusion-driven variation in 
retention, as breakdown rates of conifer needles did not vary significantly among 
habitat types (Fig. 9).  The model did not predict the moderate peak in observed 
needle standing stock at intermediate levels of Pg (i.e. 3.74 g m-2 at Pg = 5.5 cm). 
 
 
Discussion 
 
Changes in the type and heterogeneity of cross-system subsidies of plant litter 
can have a variety of effects on the structure and function of forest stream 
communities (Webster and Benfield, 1986; Richardson et al. 2005; Kominoski et 
al. in press).  The amounts and composition of plant litter inputs to the temperate 
rainforest streams in this study varied significantly among riparian forest types 
(clearcut, riparian reserve strip, deciduous-dominated, and coniferous-
dominated) and among seasons, with plant litter fluxes being greatest in the 
autumn and lowest in the spring.  This pattern of seasonal variation in riparian 
litterfall is common to many temperate regions (O’Keefe and Naiman, 2006), 
although the predominantly coniferous plant litter inputs differs from the 
broadleaf-dominated fluxes reported from other temperate riparian forests (e.g. 
Muto et al. 2009).  Due to high retention rates, fast breakdown, and relatively 
high nutritional value (Richardson 1991; Lopez et al., 2001; Richardson et al. 
2005; Hoover et al. 2009) leaf litter that enters streams during the spring and 
summer months is an important basal resource for benthic consumer 
communities, especially as it represents a continuous energy source during a 
period of potential resource limitation (Richardson 1991).  In this study, 
summertime fluxes of plant litter from conifer-dominated forests consisted 
primarily of conifer needles (Western Hemlock and Douglas-fir), while fluxes from 
deciduous-dominated forests were comprised of a wide variety of litter types 
(conifer needles, alder leaves, and other broadleaves).  The greater leaf litter 
resource diversity in streams that receive both broadleaf and coniferous inputs 
may enhance food web stability (Huxel and McCann 1998), especially if it leads 
to greater consumer diversity (Kominoski et al. 2009). 
 
One of the main differences between the plant litter fluxes reported here and 
those reported elsewhere (e.g. Xiong and Nilsson 1997) is that the fronds of 
western redcedar constitute the largest fraction of inputs to streams in conifer-
dominated stands (both CON and RRS sites) in autumn.  This supports the 
findings of Richardson (1992) who showed that autumnally-shed redcedar litter 
comprised a large proportion of the total inputs to Pacific temperate coastal 
streams where this tree species is present (also see Richardson et al. 2005).  
Redcedar litter is likely a key basal resource for detritus-based food webs in 
these streams, although relatively little is known about how it is utilised by 
detritivorous invertebrates or microbes.  Richardson et al. (2004) showed that the 
breakdown rate of redcedar litter was intermediate between that of red alder and 

19 



Y103241 

Western Hemlock, and found that red-cedar fronds supported a discrete subset 
of the benthic invertebrate community, especially in autumn.   
 
Plant litter inputs shifted from broadleaf (angiosperm) inputs to coniferous inputs 
as riparian forest age increased, indicating a long-term decrease in the lability of 
the leaf litter resources available to stream consumers (see Webster and 
Benfield, 1986; Richardson et al. 2004; 2005; Kominoski et al. in press).  
However, net (all non-wood) plant litter input rates were essentially maintained as 
riparian forests shifted from deciduous to coniferous species during succession.  
Net litter inputs may possibly decline as riparian forests continue to age beyond 
the stand ages examined in this study (maximum 144 Y), as significant changes 
in canopy structure can occur in the later stages of canopy development (150 – 
200 Y; Frazer et al., 2000).  The timing and lability of plant litter resources also 
depend on whether late-successional forests are dominated by western redcedar 
or needle-bearing conifers (Douglas-fir and Western Hemlock).  The riparian 
redcedar forests in our study contributed relatively large amounts of frond litter 
(up to 7.9 g m-2 day-1) in the autumn, whereas fluxes of needles from riparian 
canopies are more moderate (up to 2.0 g m-2 day-1) and occur primarily in the 
summer.  These phenological differences among tree species may produce 
profound differences in resource supply dynamics in stream ecosystems (see 
Kominoski et al., in press).  It is important to note that when timber harvesting 
operations did not remove riparian shrubs and small deciduous trees (CC4 and 
CC5), PL inputs remained relatively high, maintaining cross-system resource 
flows to these streams. 
 
Fluxes of plant litter to the streams in this study varied among seasons (spring < 
summer < autumn).  This seasonal variation in litter input was especially 
pronounced in deciduous-dominated reaches, which experienced an autumnal 
pulse of high-value (i.e. highly labile; Kominoski et al. in press) red alder leaf 
litter.  Many macroinvertebrate consumers of plant litter in streams have high 
reproductive rates and short generation times, adaptations which allow 
populations of these taxa to track these seasonally-fluctuating supplies of plant 
litter (Richardson 1991).  In contrast, the population dynamics of detritivores with 
annual life cycles are constrained by periods of limited resources.  The clearcut 
streams in this study have very low supplies of plant litter during the spring, 
creating a ‘resource bottleneck’ that may limit the abundance and/or diversity of 
the detritivore communities in these reaches (see Lecerf and Richardson, 2010).  
However, detrital resource dynamics of stream reaches with logged riparian 
areas may be subsidised by the transport of terrestrially-derived organic matter 
from upstream unlogged reaches (Wipfli and Gregovich, 2002; Lorion and 
Kennedy, 2009).  In our study, plant litter inputs to streams flowing through 
riparian reserve strips were similar to or greater than inputs to conifer-dominated 
forests of similar stand age and tree species composition in all seasons 
examined, indicating that riparian reserves generally maintain the amount of 
plant litter entering streams flowing through coastal temperate rainforests.   
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The effects of forest harvesting and successional stage on breakdown rates of 
spatial subsidies of plant litter vary widely among studies.  McKie and Malmqvist 
(2009) showed that leaf litter breakdown rate was faster in early successional 
streams (3 – 10 Y with regenerating deciduous tree saplings) than in older 
conifer-dominated (> 60 Y) streams in northern Sweden, a pattern they 
associated with greater standing stocks of broadleaf leaf.  In contrast, Lecerf and 
Richardson (2010) showed that the breakdown of alder leaf litter was slower in 
recently clearcut (<10 Y, dominated by deciduous tree saplings and Rubus spp.) 
stream reaches than in older (70 Y) conifer-dominated in British Columbia.  
Kominoski et al. (in press), in another study conducted in British Columbia, found 
that the breakdown rate of deciduous (red alder) leaves – but not coniferous 
(Western Hemlock) needles – was faster when riparian canopies were dominated 
by early-successional red alder versus later-successional coniferous tree 
species.  In all instances, variation in plant litter breakdown rates was associated 
with changes in detritivore abundance, biomass, or community structure.  In our 
study, broadleaf litter inputs continued to increase until riparian forest age > 35 Y; 
if these inputs result in an increase shredder biomass, then the rate of energy 
transfer through the detrital food web may be greatest in streams of this 
successional stage.  Breakdown rates may also vary with the interaction between 
richness and evenness of plant litter (Swan et al., 2009).  Differences in the 
transport properties and settlement distributions of broadleaf, conifer needle, and 
red-cedar fronds may then mediate the extent to these leaf litter types are mixed, 
and subsequently broken down, in streams (Hoover et al., 2009).   
 
The complete removal of riparian forests (clearcutting) dramatically increased 
light availability and reduced leaf litter inputs, processes which reduce the 
importance of heterotrophic versus autotrophic production in stream systems.  
Reduction or removal of the riparian canopy is sufficient to shift forest streams 
from a state of net heterotrophy to one of net autotrophy in some but not all 
systems (see Bott et al., 2006).  Kiffney et al. (2004) found that the increased 
solar fluxes and reductions in detrital inputs that resulted from logging riparian 
forests increased autochthonous production in streams, altering the community 
structure of invertebrate and vertebrate consumers.  In our study, the relatively 
rapid re-establishment of riparian canopies indicates that light levels decline and 
plant litter fluxes increase in only a few years, ensuring that food webs of these 
streams rapidly return to a state where they are based predominantly upon 
heterotrophic production.  Forest streams with regenerating riparian forests may 
return to net heterotrophy earlier where nutrient concentration (and thus in-
stream primary production) is low (Dodds 2007), where the riparian plant 
community is comprised of rapidly-growing species (Richardson et al. 2005), or 
where stream width (and hence area-to-edge ratio) is low (Bott et al. 2006); all of 
these factors apply to the temperate rain forest streams in our study (Gomi et al. 
2006; Richardson et al. 2005). 
 
This project revealed that sediment size is a key physical factor that has multiple 
effects on the ‘trophic transfer chain’ (Fig. 12) that links the productivity of 
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riparian forest and stream ecosystems.  To varying degrees, the retention, 
stability, breakdown rate, and standing stocks of terrestrially-derived plant litter all 
varied with bed roughness, although the functional nature of the relationships 
differed between the two detrital resource types examined (red alder leaves and 
hemlock needles).  Angiosperm and coniferous leaves differ substantially with 
respect to their size, flexibility, and specific gravity, factors which influence the 
rate at which they are retained (Hoover et al. 2009).   
 
The physical pathways by which trophic subsidies of plant litter enter recipient 
system food webs are locally controlled by spatial variation in bed roughness.  In 
our study, plant litter was retained rapidly by streambed patches of high bed 
roughness (Pg > 10 cm).  In these types of stream system, the availability of OM 
resources will be spatially coupled to the amount of OM falling from riparian 
canopies (i.e. the donor system).  As detritivore abundance and biomass varies 
with resource availability (Huryn and Wallace 1987), our results indicate that the 
degree to which the productivity of donor (terrestrial riparian) and recipient 
(benthic stream) systems are coupled can be largely mediated by bed 
roughness.  Food webs in high-roughness patches may be more strongly based 
upon locally-derived allochthonous resources than less-rough patches 
downstream, which because they neither receive abundant resources via 
advection from upstream nor effectively retain local inputs of plant detritus, will be 
‘starved’ of resources.  This type of ‘spatially-structured landscape effect’ was 
also observed by Young et al. (2010) who showed that coconut palms indirectly 
depleted soil nutrients by interrupting the flow of marine-derived nutrients carried 
by birds.  Alternatively, patches of rough sediments may accumulate leaf litter, 
creating hotspots of in-stream productivity while reducing advective inputs to low-
roughness patches downstream.  This pattern may be accentuated during high-
flow events, which may disturb areas of the streambed with fine sediment 
(Matthaei et al. 1999), releasing plant litter standing stocks and carrying them 
downstream.  In contrast, plant litter stored in coarse sediments may be more 
resistant to entrainment during spates, as coarse sediments are more resistant to 
erosion (Carling 1983). 
 
 
Conclusions and Management Implications 
 
Predicted climate changes for the temperate coastal regions of western North 
America are expected to produce drastically different distributions of conifer tree 
species (Hamann and Wang, 2006).  Some of the most important conifer species 
in British Columbia are expected to decrease in frequency through loss of 
suitable habitat (e.g. Abies lasiocarpa Nutall, Picea glauca Voss, and Pinus 
contorta Douglas), while hardwoods and conifers that currently have a more 
southerly distribution are expected to gain suitable habitat at the northern end of 
their ranges and to increase in frequency where they already occur (e.g. Abies 
grandis (Don) Lindley, P. menziesii, and T. plicata; Hamann and Wang, 2006).  
When coupled with increased rates of tree death due to climate change (Battles 
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et al. 2008), these changes will alter the seasonal timing, amounts, and resource 
value of forest-to-stream fluxes of plant litter (Richardson et al. 2005), which will 
in turn have important ecological consequences for stream biota and food web 
dynamics (e.g. Going and Dudley, 2008).  Stream and forest managers 
attempting to preserve the ecological integrity of small stream systems will need 
to be aware of projected changes in tree species distributions (Hamann and 
Wang, 2006), especially as forest structure can be more directly addressed by 
management practices and silvicultural prescriptions than other aspects of forest 
ecology. 
 
Small streams are often ecologically sensitive to alterations in streamside 
vegetation or to current riparian management practices (Richardson et al. 2005; 
Lecerf and Richardson 2010).  This sensitivity is due, in part, to increases in light 
and sedimentation, alterations in riparian tree and shrub species, and elevated 
water temperatures.  The food webs of forest streams are generally based upon 
terrestrially-derived plant litter, and so any changes to the amount, timing, or type 
of organic matter that enters streams can potentially alter bacterial, fungal, and 
invertebrate communities in these systems.  Our study showed that riparian 
reserve strips in mature stands of coniferous forest maintained inputs of plant 
litter at levels that were similar to those of unlogged areas.  As such, this 
management practice adequately protects this important ecosystem property.  
However, logging of riparian areas immediately altered the type and reduced the 
amount of plant litter that entered the small streams included in our study.   
 
During succession, the riparian zones of the coastal streams in this study 
became dominated by red alder, a tree species that contributes substantial 
amounts of nutrient-rich leaf litter to streams.  However, red alder leaf litter enters 
streams during the autumn, a depositional pattern that is similar to mature forests 
comprised of western redcedar, a tree species that also sheds litter in the 
autumn.  However, this pattern of litter deposition does not match that of mature 
forests comprised of western hemlock (which sheds litter in the summer months).  
As such, managers should be aware of the potential for temporal shifts in 
resource inputs to streams as adjacent forest stands mature to either red cedar 
or western hemlock. 
 
As upstream and downstream reaches are linked by the downstream movement 
of water, sediment, organisms, and resources (e.g. leaf litter), the bed roughness 
of adjacent stream reaches must be taken into account when assessing the 
impacts of forest harvesting activities.  Where streambeds are composed of fine 
sediments (i.e. Φy < 6 cm), plant litter inputs to small streams are not retained 
effectively.  In these systems, critically-important leaf litter inputs are either lost 
downstream or are retained along stream peripheries.  As a result, landscape 
perturbations such as logging or other forest management practices alter inputs 
of plant litter (in terms of quality, quantity, or timing) will alter food web dynamics 
not only locally, but also far downstream.  However, because retention is low, 
food-web effects will also be attenuated.  In these systems, bed stability is also 
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likely an important control on food web structure and community structure.  
Streambeds composed of fine sediment are both prone to disturbance and have 
low standing stocks of resources; as such, managers need to ensure that 
disturbances to riparian zones and the streambed itself are minimized.  However, 
where streambeds are composed of coarse sediments (i.e. Φy > 15 cm), leaf litter 
inputs are retained very rapidly, are relatively stable, and break down more 
quickly.  These systems will also be sensitive to streamside disturbance, but the 
food web effects of the disturbance may be spatially limited (i.e. felt strongly 
within the disturbed reach, but not conveyed far downstream).  
 
Due to mountainous terrain and considerable rainfall, the coastal region of British 
Columbia has extensive networks of small headwater streams. While many of 
these small channels are of substantial ecological, aesthetic, and cultural value, 
they also contribute directly to the economy of the province. In the instance of 
small headwater streams, ‘environmental goods and services’ include the 
upstream protection of drinking water supplies, recycling of nutrients, and the 
production of food (especially by providing nutrients and habitat for salmonid 
populations).  The results of this project hold the promise to inform the theory and 
practices of stream restoration engineers working in the small streams of British 
Columbia.  By manipulating geomorphological parameters (especially bed 
roughness and sediment size), restoration workers can increase the local 
retention of plant litter.  In doing so, they may be able to increase local 
invertebrate production (see Huryn and Wallace 1987), and subsequently 
increase the ability of these channels to support salmonid populations.  While 
extensive alterations of sediment size distributions are likely to be prohibitively 
expensive, knowledge of how streambed sediment size influences organic matter 
resource dynamics in streams can be used to increase the accuracy of 
predictions of stream productivity.  Alternatively, restoration workers may be able 
to create relatively small patches of coarse substrate that create hotspots of 
stream productivity, which can then support fish populations in adjacent stream 
reaches.    
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List of Tables 
 
Table 1.  Physical and riparian descriptions of all sites where terrestrial-to-stream 
plant litter fluxes were measured  
Canopy type  Stream Canopy 

Openness 
(% (±SD))a 

Mean 
Channel 
Width 
(m)a 

Year 
Riparian 
Forest 
estab. 

Dominant Tree 
Species 
(spp(%), spp(%))b 

Deciduous  1 South  6.7 (2.3) 0.60 1978 rA(83), Cw(12) 
(DEC) 2 East  11.9 (1.4) 2.00 1975 rA(60), wH(30) 
 3 Spring 9.7 (1.6) 3.93 1924 rA(60), wH(30) 
 4 Blaney  6.3 (0.3) 4.57 1972 rA(50), blM(30) 
 5 Donegani 6.5 (2.0) 1.47 1977 rA(80), wH(7) 
Coniferous 1 South 11.3 (1.1) 1.73 1924 rC(60), dF(22) 
(CON) 2 Upper Spring 9.4 (1.2) 2.47 1863 dF(90), wH(10) 
 3 Elf 6.9 (0.5) 1.80 1924 wH(60), rC(30) 
 4 East 8.7 (0.4) 2.57 1949 dF(90), wH(10) 
 5 Lower Mirror 10.0 (1.0) 1.97 1919 wH(70), dF(20) 
Clear-cut 1 Upper Mirror  16.2 (10.4) 1.35 1998 n/a 
(CC) 2 Upper Millionaire 24.4 (10.9) 2.13 1995 n/a 
 3 Kazoo  51.5 (10.8) 1.03 2005 n/a 
 4 G10 6.6 (1.6) 0.50 2006 n/a 
 5 G30  28.4 (7.0) 0.90 2004 n/a 
Reserve Strip 1 Upper South  11.5 (1.6) 1.23 1927 dF(50), wH(40) 
(RRS) 2 Lower South 9.5 (1.6) 1.37 1924 wH(40), rC(32) 
 3 Lower Mirror 10 10.8 (3.2) 2.37 1924 wH(60), dF(30) 
 4 Lower Mirror 30 8.2 (0.7) 2.43 1919 wH(70), rC(30) 
 5 F 11.3 (3.9) 1.02 1924 rC(60), dF(22) 
(a) Canopy closure and channel width as measured in summer (July and August 
2007) 
(b) rA = red alder Alnus rubra, Cw = cottonwood spp., blM = bigleaf maple Acer 
macrophyllum, dF = Douglas-fir Pseudotsuga menziesii, wH = Western Hemlock 
Tsuga heterophylla, rC = redcedar Thuja plicata 
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Table 2. Physical characteristics of the nine pairs of stream reach sites (18 sites 
in total) used in organic matter particle release experiments and measurements 
of organic matter standing stocks.  Parameters measured at time of organic 
matter particle release.  Bracketed values are standard deviation (SD).  
 
Stream name and 
Site numbera 

Mean grain 
diameter  
Φ (cm) 
(SD) 

Mean 
protrusion 
Pg (cm) 

Mean 
depth 
Dmax (cm) 

Mean 
velocity 
U (cm/s) 

Mean 
Active 
channel 
width (m) 

Dischargeb 
Q (m3 s-1) 

Spring 1.1 8.5 (3.5) 3.5 (2.1) 5.1 (1.1) 25.1 (7.9) 4.1 0.016 
Spring 1.2 11.0 (6.4) 5.1 (3.4) 6.1 (2.6) 27.0 (8.0) 3.9 0.016 
Upper Blaney 2.1 6.0 (3.7) 2.2 (1.7) 4.9 (1.7) 14.3 (9.9) 2.6 0.0061 
Upper Blaney 2.2 3.4 (1.6) 1.2 (0.9) 7.6 (0.8) 1.6 (0.8) 5.1 0.0061 
Spring 3.1 9.8 (6.3) 5.0 (4.0) 5.7 (2.3) 24.4 (15.6) 2.3 0.0098 
Spring 3.2 14.8 (10.4) 8.6 (7.7) 6.1 (3.8) 21.0 (10.9) 4.5 0.0098 
Spring 4.1 4.7 (3.0) 2.3 (2.4) 4.4 (1.2) 26.7 (9.8) 2.8 0.0098 
Spring 4.2 3.3 (1.3) 1.2 (0.7) 3.8 (0.9) 18.1 (4.4) 3.2 0.0098 
Spring 5.1 3.4 (1.2) 1.4 (0.9) 10.0 (2.5) 7.0 (1.2) 2.1 0.0073 
Spring 5.2 19.4 (12.8) 11.2 (10.5) 5.8 (2.6) 29.3 (6.1) 2.4 0.0073 
Spring 6.1 20.5 (16.2) 8.2 (5.5) 9.5 (4.3) 30.1 (9.4) 3.7 0.031 
Spring 6.2 36.4 (17.4) 22.1 (13.7) 23.0 (6.3) 34.4 (20.5) 4.4 0.031 
East 7.1 16.9 (9.1) 7.6 (4.6) 9.9 (3.6) 14.0 (9.0) 1.6 0.0038 
East 7.2 25.5 (14.4) 17.0 (12.2) 8.7 (4.3) 10.4 (8.8) 2.2 0.0038 
Upper Blaney 8.1 9.4 (5.2) 3.4 (2.5) 5.4 (1.5) 19.9 (3.6) 1.2 0.0031 
Upper Blaney 8.2 19.8 (13.2) 11.4 (9.3) 13.9 (8.6) 10.6 (9.8) 2.7 0.0031 
Mirror 9.1  22.0 (13.5) 13.0 (7.9) 12.2 (5.6) 14.4 (8.5) 1.6 0.0032 
Mirror 9.2 13.4 (7.8) 5.7 (2.9) 7.3 (2.8) 23.0 (18.8) 1.8 0.0032 
(a) The two reaches at each site are numbered in the order in which they were 
used in the study; the first site being downstream of the second (e.g., Reach 1.1 
was located downstream of, and thus sampled before, Reach 1.2). 
(b) Discharge measured using cross-sectional unit discharge method 
 
 
Table 3.  Mean total terrestrial-to-stream plant litter fluxes (±SD) for the four 
riparian forest types and three seasons examined (units for all values are g m-2 
day-1) 
Season Deciduous (DEC) Coniferous (CON) Clearcut (CC) Reserve Strip (RRS) 
Spring 0.21 (0.10) 0.18 (0.058) 0.12 (0.15) 0.29 (0.16) 
Summer 0.71 (0.32) 1.13 (0.59) 0.21 (0.25) 1.82 (0.48) 
Autumn 4.37 (2.01) 3.07 (3.64) 1.39 (1.41) 3.96 (1.42) 
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List of Figures 
 
Figure 1.  Mean forest-to-stream plant litter fluxes for the four riparian forest 
types examined (CC = recently clearcut, RRS = riparian reserve strip, Decid. = 
deciduous-dominated, Conifer = coniferous-dominated) in spring, summer, and 
autumn (see text for sampling dates and site descriptions). The composition of 
the plant litter inputs is shown for each riparian forest type; the sum of all plant 
litter components equals the total flux.  Note that the vertical scales differ among 
plots.  
 
Figure 2.  Proportion of plant litter fluxes comprised of broadleaf litter (calculated 
as broadleaf flux / total plant litter flux) in each of the four riparian forest types 
examined (CC = recently clearcut, RRS = riparian reserve strip, Decid. = 
deciduous-dominated, Conifer = coniferous-dominated).  Data are shown for 
spring, summer, and autumn seasons.  Horizontal dashed line = 1 (i.e. where 
plant litter is comprised entirely of broadleaf litter); bars are means ± SE. 
 
Figure 3.  Plant litter fluxes versus forest age for summer and autumn (see text 
for sampling dates), plant litter types include conifer needles (‘Needles’), western 
redcedar fronds (‘Cedar’), broadleaf tree leaves (‘Decid.’), and all non-wood plant 
litter inputs combined (‘All’).  Hollow circles = all successional sites, line = locally-
weighted polynomial regression (R2 values indicate fit of data to model, asterisks 
indicate statistical significance of fit; * P ≤ 0.05, ** P < 0.01, *** P < 0.001).  
Spring Creek (forest age = 83 Y) indicated on plots (‘s’).  Hollow diamonds = 
RRS sites, solid triangles = unbrushed CC sites (CC4 and CC5) where timber 
harvesting activities did not remove small riparian trees (e.g. vine maple and 
small bigleaf maple).   RRS and unbrushed CC sites were not included in 
regression.  Note that the vertical scales differ among plots. 
 
Figure 4. Canopy structure (measured as percent canopy openness) versus 
forest age.  Data for three seasons (spring, summer, and autumn) are shown.  
Data are fit to the power function y = axb; values of b (slope) ranged from -0.41 
(autumn, long dashes) to -0.53 (summer, solid line) and -0.57 (spring, short 
dashes); fits are highly significant (all P < 0.0001).  Excluded are the two recent 
clearcut sites (G10 and G30 Streams, logged in 2006 and 2004, respectively) 
where timber harvesting activities did not remove small riparian trees (e.g. vine 
maple and small bigleaf maple). 
 
Figure 5.  Summertime relationships between bed roughness (measured as 
mean grain protrusion (Pg)) and standing stocks of terrestrially-derived organic 
matter in small streams of the Malcolm Knapp Research Forest.  Regression 
analyses for individual site pairs (9 site pairs, 18 sites in total) are shown on the 
left (R2 value for each relationship in parentheses), relationships with all data 
pooled are on the right (broken-stick regression with node at Pg = 4.5 cm, dashed 
lines are 95% CI for each relationship, R2 values are above each line).   
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Figure 6.  Autumnal relationships between bed roughness (measured as mean 
grain protrusion (Pg)) and standing stocks of terrestrially-derived organic matter in 
small streams of the Malcolm Knapp Research Forest.  Regression analyses for 
individual site pairs (9 site pairs, 18 sites in total) are shown on the left (R2 value 
for each relationship in parentheses), relationships with all data pooled are on the 
right (broken-stick regression with node at Pg = 4.5 cm, dashed lines are 95% CI 
for each relationship, R2 values are above each line).   
 
Figure 7.  Diagram showing results of multiple linear regression model used to 
account for among-patch variation in OM particle retention from three predictor 
variables (Prel, water velocity, and water depth (Dmax)).  The thickness of each 
arrow is relative to the predictive strength of the variable, dashed lines indicate 
non-significant relationships.  The slope (b) and statistical significance of each 
relationship are indicated, as is the significance of the general model (R2

mult.). 
 
Figure 8.  Relationships between (A) relative grain protrusion vs. retention of red 
alder leaves, (B) relative grain protrusion vs. retention of western hemlock 
(conifer) needles, (C) grain protrusion vs. retention of red alder leaves, and (D) 
grain protrusion and retention of western hemlock needles.  Relationships in (A) 
and (B) fit using an exponential rise to maximum model, those in (C) and (D) fit 
using a quadratic model (see text for details).  R2 values for each relationship are 
shown, horizontal dashed line indicates maximum retention (all particles retained 
in 3 m).  
 
Figure 9.  Boxplots showing breakdown rate (k; day-1) of red alder leaves (top) 
and western hemlock (conifer) needles (bottom) in pools, gravel-dominated 
riffles, cobble-dominated riffles, and boulder-dominated habitats in Spring Creek, 
BC.  Leaf litter breakdown rates were measured in exposed (leaves lie on top of 
streambed sediments) and interstitial (leaves in interstitial gaps beneath 
uppermost layer of streambed sediments) microhabitats.  Solid horizontal line 
indicates the median, dashed line the mean, boxes are the 25th and 75th 
percentiles, whiskers are the 5th and 95th percentiles, symbols are outliers. 
 
Figure 10.  Relationship between red alder leaf and western hemlock (conifer) 
breakdown rates (k; day-1) in four habitat types (pools, gravel-dominated riffles, 
cobble-dominated riffles, and boulder-dominated habitats) and two microhabitat 
types (hollow symbols = exposed microhabitats, grey symbols = interstitial 
microhabitats).  Error bars for each point = SD, data are fit to quadratic 
regression model.  The boulder habitat / exposed microhabitat point (marked 
“B/E”) was not included in regression analysis (see text for details). 
 
Figure 11.  Observed (black lines) and modeled (grey lines) relationships 
between bed roughness (measured as grain protrusion) and leaf litter standing 
stocks (red alder leaves = top, conifer needles = bottom) in small streams of the 
Malcolm Knapp Research Forest, BC.  Dashed lines indicate confidence interval 
(± 2SE) envelopes for each relationship. 
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Figure 12.  Heuristic model outlining the individual processes that determine 
connectivity between adjacent terrestrial (forest) and stream ecosystems.  
Processes shown in this study to be sensitive to patch-scale bed roughness are 
denoted with an asterisk (*).  Rates are shown in italics.   Feedbacks among the 
individual processes (e.g., increases in invertebrate and microbial biomass within 
a patch can lead to increased breakdown rates) are extensive, but are not shown 
here for clarity.  Dotted lines indicate where detrital matter has changed principal 
form (e.g., CPOM has been fragmented and converted to FPOM). 
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